In vertebrates, pyroptosis is an intensely inflammatory form of programmed cell death which 26 is dependent on Caspase 1 activation and release of cytoplasmic cytokines including IL-1β. This 27 death pathway is critical for controlling pathogenic infection by mobilizing immune cells and 28 stimulating the development of adaptive immune response. In invertebrates, however, due to the 29 lack of adaptive immune response, it is still elusive whether Caspase 1-dependent cell death 30 pathway exists. In this study, our data showed that Caspase 1-mediated cell death was activated 31 by white spot syndrome virus (WSSV) infection to control the virus in shrimp. Caspase 1 had a 32 higher expression level in hemocytes and lymphoid-like organ in shrimp and WSSV infection 33 was significantly promoted upon the inhibition of Caspase 1 enzymatic activity. IL-1β-like 34 protein was identified as the substrate of Caspase 1 and its interaction with Caspase 1 was 35 validated ectopically and endogenously. Moreover, IL-1β like protein was released into 36 extracellular contents under WSSV infection and Prophenoloxidase system was activated, 37
Introduction 71
One of the most important anti-pathogen responses consists of the elimination of the infected 72 cells by programmed cell death, a response found in all metazoans (1, 2) . Apoptosis is perhaps 73 the most widely recognized programmed cell death, and is defined by the requirement for 74 particular cysteine-dependent aspartate-specific proteases, commonly Caspases 3/7, which 75 produce an orchestrated disassembly of the cell resulting in mounting more severe immune 76 responses (3, 4) . It is found that apoptosis plays a very important role in determining the outcome 77 of host-pathogen interactions (5, 6) . Other than Caspase 3/7-mediated apoptosis, pyroptosis is a 78 more recently identified pathway of host cell death that is stimulated by a range of pathogen 79 infections and non-infectious stimuli (7, 8) . 80 Unlike apoptosis, pyroptosis occurs after Caspase 1 activation. Caspase 1 is usually activated 81 by protein complexes termed inflammasomes in mammals (9) . Two types of inflammasomes 82 formed by Nod-like receptors (NLRs) have been identified. One type is NLRC4 and murine 83 NLRP1b and the other type is NLRP3 (10). NLRC4 and murine NLRP1b contain CARD 84 domains that directly interact with the Caspase 1 CARD and then activate Caspase 1 proteolytic 85 activity. In contrast, NLRP3 contains a Pyrin signaling domain instead of a CARD domain (11) . 86 The Pyrin domain binds the Pyrin domain of the adaptor protein ASC which is composed of only 87 a Pyrin and a CARD domain. ASC then recruits Caspase 1 via CARD-CARD interactions and 88 finally activate Caspase 1 proteolytic activity (12). Activated Caspase 1 can recognize and 89 process the inactive precursors of interleukin 1β (IL-1β) into mature inflammatory cytokines, 90 which is then secreted into intracellular contents (12) . IL-1β is an important mediator of the 91 inflammatory response of the host against pathogen infection (13) . Meanwhile, pyroptosis also 92 induces morphologic changes, DNA fragmentation and chromatin condensation to destroy 93 infected cells (7, 9) . 94 During pathogen infection, the host benefits from pyroptosis. Caspase 1 leading to pyroptosis may represent an important antiviral pathway that prevents 111 replication and spread of viruses to neighboring cells.
112
Pyroptosis is such a potent mechanism to clear intracellular pathogens. However, current 113 studies on the role of pyroptosis in host-virus interactions has not been extensively explored and 114 it is still unclear whether pyroptosis also exits and plays such an important role in defending 115 hosts from pathogen invasion in invertebrates. In this study, we aim to find out whether 116 pyroptosis is also one of the pathways that contributes to eliminating virus in invertebrate. The 117 results revealed that the activity of Caspase 1 in shrimp was enhanced by white spot syndrome 118 virus (WSSV) infection. The silencing of Caspase 1 or IL-1β-like gene facilitated virus infection 119 in shrimp. Our study indicated that Casapase-1-mediated cell death played an important antiviral 120 role in invertebrate.
121

Results
122
Involvement of Caspase 1 in the virus infection to shrimp 123
In order to investigate whether Caspase 1-mediated cell death plays a role in the immune 124 response of invertebrates to virus infection, the profiles of Caspase 1 gene was characterized in 125 the course of shrimp immunity against WSSV infection. The sequence analysis revealed that the 126 shrimp Caspase 1 contained caspase activity domains ( Fig 1A) . The expression of the gene in 127 different organs was then examined by real-time PCR. The result showed that Caspase 1 128 expression was most significant in hemocytes followed by lymphoid-like-organ, however, we 129 can barely detect the mRNA of Caspase 1 in muscle and heart ( Figure 1B ). The expression 130 pattern of the gene was further confirmed by detection of protein levels as shown in Figure 1C .
131
These results indicated the shrimp Caspase 1 might function in immunity system--hemocytes and 132 lymphoid-like organ in shrimp, where fighting off invading pathogens usually took place, so the 133 result indicated that Caspase 1 might play a role in the antiviral cellular pathway..
134
To explore the role of Caspase 1 in virus infection to shrimp, the expression of Caspase 1 135 was detected at different time points after shrimp were infected with WSSV. The results revealed 136 that the transcriptional level of Caspase 1 was significantly upregulated with the prolonged 137 infection time ( Fig 1D) . Meanwhile, the protein level of the gene also showed similar expression 138 patterns during WSSV infection ( Figure 1E ).Taken together, these results indicate that Caspase-139 1-mediated cell death is involved in virus infection of shrimp. 141 To determine whether the enzymatic activity of Caspase 1 was associated with virus 142 infection, shrimp were challenged with increasing concentrations of WSSV and hemocytes were 143 collected for the detection of Caspase 1 activity by incubating with the substrate Ac-YVAD-pNA. 144 The results showed that Caspase 1 activity was greatly enhanced while more viruses were used 145 for infection ( Fig 2A) . Moreover, Caspase 1 activity increased dramatically along with the 146 prolonged infection time ( Fig 2B) . These results indicated that the enzymatic activity of Caspase 147 1 was actually indispensible in the pathway of virus infection.
140
Requirement of enzymatic activity of Caspase 1 in virus infection
148
To explore whether the Caspase 1 activity facilitated or inhibited virus infection, Caspase 1 149 inhibitor Belnacasan was used in combination with WSSV injection or not, and WSSV copy 150 number was then measured by quantitative real-time PCR. The data showed that the WSSV copy 151 number increased significantly upon the inhibition of Caspase 1 enzymatic activity, suggesting 152 that Caspase 1 played an antiviral role possibly conducted by its enzymatic activity.
153
Interaction between Caspase 1 and IL-1β like protein 154 In order to reveal the cellular pathway in which Caspase 1 participated to play an antiviral 155 role, we performed Coimmunoprecipitation (Co-IP) to identify the substrate of Caspase 1. The
156
Co-IP data showed that one specific band was discovered after Caspase 1-specific antibody but 157 not IgG was used for CoIP, which was then identified as IL-1β like protein by mass spectrometry 158 ( Fig 3A) . To further demonstrated the interaction between Caspase 1 and IL-1β like protein,
159
Flag-Caspase 1 and His-IL-1β like protein was respectively cloned into PIZ/V5-His plasmid and 160 co-transfected into insect High Five cells. Anti-Flag IP was performed and then proteins were 161 analyzed by Western blotting. The result indicated that His-IL like protein was actually detected 162 ( Fig 3B) , showing the interaction between Caspase 1 and IL-1β like protein. Meanwhile, anti-His 163 IP was also performed and Flag-Caspase 1 could also be found by Western blotting (Fig 3C) . 164 These results revealed that the two proteins could interact with each other by their expressions in 165 insect cells.
166
To further confirm the interaction Caspase 1 and IL-1β like proteins in vivo, endogenous IP 167 was performed using Caspase 1 or IL-1β like protein antibody. The results showed that IL-1β 168 like protein was detected by Caspase 1 endogenous IP and vice versa ( Fig 3D) .
169
Taken together, these findings identify IL-1β like protein is the substrate of Caspase 1 and 170 the two proteins could interact with each other. From the detected mRNA and protein level, it could be concluded that the siRNAs efficiently 177 knocked down the expressions of Caspase 1 and IL-1 like protein genes ( Fig 4A) .
178
As reported in mammary cells, IL-1β is firstly interacted with and then cleaved by Caspase 1 179 before it is released into extracellular contents (20), however, in this study, it is still elusive how 180 IL-1β like protein reacts upon virus infection. Therefore, the level of IL-1β like protein in 181 hemocytes and the corresponding plasma before and after WSSV infection was examined.
182
Hemolymph was collected and centrifuged to separate the hymocytes and plasma for the 183 detection of IL-Iβ like protein. Western blotting analysis revealed that the expression level of IL-184 1β like protein was increased in the plasma and decreased in hemoctes when shrimp were 185 challenged with WSSV, indicating that IL-1β like protein was released into extracellular contents 186 under virus infection ( Fig 4B) . In order to determine whether Caspase 1 mediated the release of 187 IL-1 like protein, the expression of Casapse 1 was firstly knocked down by siRNA and then the 188 expression pattern of IL-1β like protein was examined. The results showed that the level of IL-1β 189 like protein in the plasma decreased while the level in the hemocytes increased upon infection 190 with WSSV ( Fig 4C) . These data showed that the release of IL-1β like protein into plasma was 191 controlled by Caspase 1 in shrimp.
192
To further determine whether IL-1β like protein was required to be cleaved by Caspase 1 193 before releasing into extracellular contents, the enzymatic activity of Caspase 1 was inhibited by 194 Belnacasan and then the level of IL-1β like protein was examined. The result showed that the 195 level of IL-1β like protein didn't increase in the plasma, suggesting that the enzymatic activity of 196 Caspase 1 was required for the release of IL-1β like protein and that IL-1β like protein needed 197 cleavage by Caspase 1 before releasing into extracellular contents ( Fig 4C) .
198
Prophenoloxidase (PO) activating system is an important identification and defense system 199 for eliminating viruses in crustaceans (21). To find out whether Caspase 1 mediated cell death 200 could influence PO system, Caspase 1 and IL-1β like protein were respectively knocked down 201 and then the PO activity was measured with or without WSSV challenge. As expected, WSSV 202 challenge greatly induced the PO activity ( Fig 4D) . However, either Caspase 1 knockdown or IL-203 1β like protein knockdown partially inhibited the PO activation ( Fig 4D) , suggesting that 204 Caspase 1 mediated cell death could enhance PO activity upon WSSV infection.
205
Taken the above data together, these findings demonstrate that the releasing of IL-1β like 206 protein is dependent on the enzymatic activity of Caspase 1, resulting in the activation of PO 207 system and cell damage which prevent shrimp from virus infection.
208
Negative correlation of Caspase 1 and IL-1β like protein expressions with virus infection 209 To investigate the influence of Caspase 1-mediated cell death on virus infection, WSSV copy 210 number was detected upon knockdown of either Caspase 1 or IL-1β like protein gene in shrimp.
211
The results showed that the silencing of Caspase 1 or IL-1β like protein significantly increased 212 the copy number of WSSV compared to the control, indicating that Caspase 1-mediated cell 213 death played an important antiviral role in shrimp immunity ( Fig 5A) , which was further 214 demonstrated by the shrimp cumulative mortality analysis ( Fig 5B) . 215 Collectively, these findings reveal a novel pathway in which Caspase 1-mediated cell death 216 induces PO activation and plays a critical antiviral role in shrimp immunity ( Fig 5C) .
217
Discussion
218
The outbreak of viral diseases is a major concern preventing the development of shrimp 219 aquaculture industry. WSSV is one of the most virulent shrimp viruses and the processes of 220 pathogenesis are extremely complex. Due to the lack of effective therapeutics to control virus, it 221 is of great importance to understand viral pathogenesis and host responses at the molecular level 222 in order to prevent virus invasion. So far, some studies have demonstrated that many genes and 223 pathways are involved in host defense against WSSV, including Ran protein, the Ras-activated 224 endocytosis process, the RNA interference pathway and apoptosis (22) (23) (24) (25) . Apoptosis is maybe 225 the best described form of cell death that is mediated by the activation of the apoptotic caspase 
Synthesis of siRNAs and RNAi assay 330
Based on the sequences of Caspase 1 and IL-1β like protein genes, siRNAs were designed to 331 specifically target the genes and then were synthesized in vitro using a commercial kit according (15μg) and WSSV (10 5 copies/ml) were co-injected into virus-free shrimp at a volume of 100μL per shrimp. At 12 h after the co-injection, the siRNA (15μg) (100μL /shrimp) was injected into 342 the same shrimp. For each treatment, 20 shrimp were used. At different times after the last 343 injection, the shrimp hemocytes were collected. Three shrimp specimens from each treatment, 344 randomly selected, were collected for analysis. The assays were biologically repeated for three 345 times.
346
Phenoloxidase activity detection 347 Hemolymph was centrifuged and the plasma was used for the detection of phenoloxidase 
